Lee I, Dodia C, Chatterjee S, Feinstein SI, Fisher AB. Protection against LPS-induced acute lung injury by a mechanism based inhibitor of NADPH oxidase (type 2). Am J Physiol Lung Cell Mol Physiol 306: L635-L644, 2014. First published January 31, 2014; doi:10.1152/ajplung.00374.2013.-The phospholipase A 2 activity of peroxiredoxin 6 is inhibited by the transition state analog, 1-hexadecyl-3-(trifluoroethyl)-sn-glycero-2-phosphomethanol (MJ33). This activity is required for the activation of NADPH oxidase, type 2. The present study evaluated the effect of MJ33 on manifestations of acute lung injury. Mice were injected intratracheally (IT) with LPS from Escherichia coli 0111:B4 (LPS, 1 or 5 mg/kg), either concurrently with LPS or 2 h later, and evaluated for lung injury 24 h later. MJ33 inhibited reactive oxygen species (ROS) generation by lungs when measured at 24 h after LPS. LPS at either a low or high dose significantly increased lung infiltration with inflammatory cells, secretion of proinflammatory cytokines (IL-6, TNF-␣, and the chemokine macrophage inflammatory protein-2), expression of lung vascular cell adhesion molecule, lung permeability (protein in bronchoalveolar lavage fluid, leakage of FITC-dextran, lung wet-to-dry weight ratio), tissue lipid peroxidation (thiobarbituric acid reactive substances, 8-isoprostanes), tissue protein oxidation (protein carbonyls), and activation of NF-B. MJ33, given either concurrently or 2 h subsequent to LPS, significantly reduced all of these measured parameters. Previous studies of toxicity showed a high margin of safety for MJ33 in the intact mouse. Thus we have identified MJ33 as a potent, nontoxic, and specific mechanism-based inhibitor of NADPH oxidase type 2-mediated ROS generation that protects mice against lung injury associated with inflammation. reactive oxygen species; lipid peroxidation; protein oxidation; lung permeability; phospholipase A2; transition state inhibitor WE HAVE RECENTLY DEMONSTRATED the role of oxidative stress in lung injury associated with ischemia followed by reperfusion (I/R) in a perfused mouse lung model by showing increased production of reactive oxygen species (ROS), increased tissue lipid peroxidation, increased tissue protein oxidation, and increased lung permeability (22). Similar studies with NADPH oxidase type 2 (NOX2)-null mouse lungs indicated that ϳ80% of the ROS production and most of the oxidative lung injury with I/R in the isolated lung is due to NOX2 activation. These manifestations of I/R-induced lung injury in wild-type (WT) lungs were markedly reduced by pretreatment of mice with 1-hexadecyl-3-(trifluoroethyl)-sn-glycero-2-phosphomethanol (MJ33). This agent inhibits the phospholipase A 2 (PLA 2 ) activity of peroxiredoxin 6 (Prdx6) that is required for activation of NOX2 and subsequent generation of ROS in normal cells (13).
reactive oxygen species; lipid peroxidation; protein oxidation; lung permeability; phospholipase A2; transition state inhibitor WE HAVE RECENTLY DEMONSTRATED the role of oxidative stress in lung injury associated with ischemia followed by reperfusion (I/R) in a perfused mouse lung model by showing increased production of reactive oxygen species (ROS), increased tissue lipid peroxidation, increased tissue protein oxidation, and increased lung permeability (22) . Similar studies with NADPH oxidase type 2 (NOX2)-null mouse lungs indicated that ϳ80% of the ROS production and most of the oxidative lung injury with I/R in the isolated lung is due to NOX2 activation. These manifestations of I/R-induced lung injury in wild-type (WT) lungs were markedly reduced by pretreatment of mice with 1-hexadecyl-3-(trifluoroethyl)-sn-glycero-2-phosphomethanol (MJ33). This agent inhibits the phospholipase A 2 (PLA 2 ) activity of peroxiredoxin 6 (Prdx6) that is required for activation of NOX2 and subsequent generation of ROS in normal cells (13) . Cellular generation of ROS leading to oxidative stress plays a crucial role in the pathogenesis of the acute lung injury (ALI) syndrome associated with lung inflammation (21) . As described above for I/R, the primary source of ROS generation with inflammation of the lung is activation of NOX2, mostly in polymorphonuclear leukocytes (PMN), but also in other cell types (10, 12, 17) . In the present study, we evaluated MJ33 for its therapeutic efficacy in a model of lung inflammation produced by the intratracheal (IT) instillation of LPS. This model is widely used to reflect lung inflammation associated with Gram-negative bacterial infection (28, 37) . MJ33 was administered either concurrently with or 2 h postadministration of LPS. As a first goal, we determined that LPS-induced ROS generation in the lungs of mice is inhibited by MJ33. We then evaluated the effect of MJ33 on LPS-induced lung injury using as parameters lung infiltration with leukocytes, the release of chemokines/cytokines, the expression of vascular cell adhesion molecule (VCAM) and NF-B, the oxidation of lung tissue lipids and protein, and alterations of alveolar permeability.
MATERIALS AND METHODS
Reagents. LPS (0111:B4 from Escherichia coli), MJ33, O-dianisidine dihydrochloride, hydrogen peroxide, human leukocyte myeloperoxidase (MPO), protease inhibitor cocktail (P8340), and authentic lipids for preparation of liposomes were purchased from SigmaAldrich (St. Louis, MO). Horseradish peroxidase (HRP), Dulbecco's phosphate buffered saline (DPBS), and the fluorescent dyes 2=,7=-dichlorofluorescin (H 2DCF) diacetate, Amplex Red, Alexa acetylated low-density lipoprotein (AcLDL), and Nile Red were obtained from Life Technologies (Grand Island, NY). DuoSet Elisa kits for mouse IL-6, TNF-␣, or CXCL2/macrophage inflammatory protein 2 (MIP-2) were purchased from R & D Systems (Minneapolis, MN). Anti-VCAM-1 monoclonal antibody (S-14R) was raised against an extracellular domain of mouse VCAM-1 and was purchased from Santa Cruz Biotechnology (Dallas, TX); anti-tubulin monoclonal antibody was purchased from Sigma-Aldrich. The ELISA-based kit to detect and quantify transcription factor activation of Trans AM-NF-B p65 was purchased from Active Motif (Carlsbad, CA).
Preparation of liposomes. To prepare a stock solution, MJ33 (10 mg/ml in PBS) was warmed to 60°C, and the container was gassed with N 2, sealed tightly with paraffin film, and kept at 4°C. Unilamellar liposomes were prepared with the following composition (mole fraction): 0.5 dipalmitoylphosphatidylcholine, 0.25 egg phosphatidylcholine, 0.15 cholesterol, and 0.1 phosphatidylglycerol to reflect the approximate composition of lung surfactant (16) . Liposomes were prepared by evaporating the mixture of lipids under N 2 gas overnight to become a film that was resuspended in PBS Ϯ MJ33 (at 1 mol % of lipids) with vigorous mixing, then frozen and thawed three times by exposing the mixture to liquid N 2 followed by a 50°C water bath. The mixture was then extruded at 50°C for 20 cycles through a 100-nm pore filter (15) and stored at 4°C until use within 24 h.
Mice. Three strains of mice were studied: C57Bl/6J (WT), Prdx6-null, and NOX2 (gp91 phox )-null. Ten-wk-old WT and NOX2-null mice were obtained from the Jackson Laboratory (Bar Harbor, ME).
The generation of Prdx6-null mice has been described previously (30) ; these mice have been fully back-crossed to the C57Bl/6J background (24) . Animal care was in compliance with all regulations set by and with protocols approved by the University of Pennsylvania Animal Care and Use Committee (IACUC) and was in accordance with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health. Animals were kept in HEPA-filtered vivariums maintained at 25 Ϯ 3°C. The number of mice used for each experiment is indicated in the figure legends.
Administration of LPS and MJ33. Mice were anesthetized with pentobarbital sodium (50 mg/kg body wt) via an intraperitoneal (IP) injection. LPS (1 or 5 mg/kg) followed by liposomes (0.05 ml) with or without MJ33 (4 nmol) was instilled into the lung through an endotracheal catheter placed at the level of the tracheal carina. Mice were allowed to recover and maintained in the vivarium with access to food and water for 24 h and then killed by exsanguination.
ROS production in the isolated lung. After death, the thorax was incised, the lungs were cleared of blood by perfusion through the pulmonary artery, removed from the thorax, and placed in a chamber for continuous perfusion as described previously (15, 16) . Lungs were continuously ventilated through a tracheal cannula with air containing 5% CO 2 and perfused with recirculating Krebs-Ringer bicarbonate solution supplemented with 10 mM glucose and 3% bovine serum albumin. Amplex red and horseradish peroxidase were added to the perfusate to determine ROS production (6) . Aliquots of the perfusate were removed at intervals, and fluorescence intensity of the Amplex Red was measured (excitation/emission, 545/610 nm) using a spectrofluorometer (Photon Technology International, Birmingham, NJ). At the end of the perfusion period, the lung was removed from the chamber and dried in an oven to constant weight. ROS generation, determined by oxidation of Amplex Red, was calculated as nanomoles per gram of dry weight of lung using an extinction coefficient of 54,000 M Ϫ1 ·cm Ϫ1 . The slope of the line for oxidation of Amplex Red vs. time was calculated by the least mean squares method.
Cellular production of ROS was imaged in the intact isolated lung perfused with fluorescent dyes. For these studies, bovine serum albumin in the perfusate was replaced with 3% dextran 70 (5, 7, 47, 48) . Separate lungs were used for detection of ROS in epithelial and endothelial cells. Lungs were labeled with H2DCF added to the perfusate plus either IT instillation of the epithelial fluorophore (Nile Red) or perfusion with the endothelial fluorophore (Alexa AcLDL). Lungs were placed on the stage of an inverted microscope and imaged by confocal microscopy (Radiance 2000; Bio-Rad, Hercules, CA). Cell types were identified with the red fluorophore (Alexa 594 or Nile Red) and ROS production with the green dye (H2DCF). Images were acquired in a sequential scan mode to eliminate possible overlap of the fluorescence signals between the two channels. All images were obtained at the same settings (scale of 0 -4,095) and exposure time. For each field, the red epithelial or endothelial cells were outlined, and this mask was transferred onto the green field indicating ROS; the green intensity of all regions that were labeled red was integrated, and this was normalized per unit area (825 pixels).
The effect of MJ33 on LPS-induced ALI. LPS-induced ALI was evaluated by examining parameters from bronchoalveolar lavage fluid (BALf), lung tissue, and lung homogenate. Lungs were analyzed for the following parameters: 1) LPS-induced lung inflammation was analyzed for total cells in BALf, MPO activity in cell pellets from BALf, cytokines (IL-6 and TNF-␣) and a chemokine (MIP-2) in BALf, VCAM in lung homogenate, and activated NF-B. 2) LPSinduced oxidative stress in lung homogenates was analyzed for thiobarbituric acid reactive substances (TBARS) and 8-isoprostanes for lipid peroxidation and protein carbonyls for protein oxidation.
3) LPS-induced lung permeability was analyzed for total protein in BALf, permeability to fluorescein isothiocyanate (FITC)-dextran 70 measured in lung homogenate, and lung wet-to-dry weight ratio.
Harvest and assay of BALf. After intubation of the mouse trachea with a 22-gauge cannula, the lungs of intact mice were lavaged three times, each with 1 ml of iced PBS containing 0.1 M EDTA. The BALf (3 ml) was centrifuged for 5 min at 375 g. The supernatant was kept at Ϫ80°C until assay with the Bio-Rad protein assay kit using Coomassie Blue with bovine IgG as the standard. The pellet was resuspended in 1 ml saline, recentrifuged, and resuspended in 0.4 ml DPBS. The total number of cells in the reconstituted supernatant was counted with a hemocytometer. The remaining supernatant was recentrifuged, and the cell pellet was kept at Ϫ80°C. For MPO assay, 600 l of 1ϫ MPO buffer (containing 100 mM potassium phosphate, pH 6.0, 1 mM EDTA, and 0.5% hexadecyltrimethyl ammonium bromide) was added to the thawed samples, transferred to microcentrifuge tubes, and lysed by freeze-thawing followed by sonication for ϳ15 s (38) . The sample was centrifuged at 9,300 g for 5 min, and the supernatant was assayed for MPO. Samples of 100 l were appropriately diluted and added to each well in a 96-well plate. MPO buffer (100 l) that contained 0.167 mg/ml of O-dianisidine dihydrochloride and 0.0005% hydrogen peroxide was added into each well. A standard curve of human leukocyte MPO activity from 1,000 mU/ml to 1 mU/ml in serial dilutions was set up. Absorbance was measured at 450 nm. Total cells and protein in the BALf and MPO activity in the cell pellet are expressed per gram of body weight.
Cytokines (IL-6, TNF-␣) and chemokine (MIP-2) in BALf. Cytokines and the chemokine were measured in the BALf by ELISA assay. Capture antibodies for IL-6, TNF-␣, or MIP-2 (also known as CXCR2) were diluted in PBS, and 100 l was placed into 96-well plates, sealed with Elisa plate sealer tape, and incubated overnight at room temperature. Each well was repeatedly aspirated and washed thoroughly with wash buffer. After the last wash, the remaining wash buffer was removed either by aspiration or by blotting the inverted plate against a clean paper towel. Reagent diluent (DY995, 300 l) was added to each well; plates were incubated for 2 h at room temperature and rewashed followed by addition of BALf (100 l) or the standard solution. After incubation for 2 h at room temperature and rewashing, detection antibody (100 l) was added to the plate, incubated for 2 h at room temperature, and washed. Streptavidin-HRP (100 l) was added for 20 min at room temperature (avoiding direct light), and substrate solution (100 l) was added for 20 min followed by 50 l stop solution. Absorbance was determined immediately using a microplate reader at 450 nm with wavelength correction by subtracting the reading at 540 nm. Cytokines/chemokine content was normalized to mouse body weight.
VCAM expression in lung. Lungs were cleared of blood, excised from the thorax, washed in cold PBS, and homogenized in PBS containing protease inhibitor cocktail. The homogenate was centrifuged for 15 min at 100 g at 4°C, the supernatant was collected, protein concentration estimated, and 50 g protein was loaded on a 10% Tris-glycine SDS polyacrylamide gel and immunoblotted using anti-VCAM-1 antibody. Anti-tubulin antibody was used as a loading control. Immunoblots were quantified using NIH Image J software. Lanes were outlined, and the intensity of pixels in the entire lane was obtained. Within each lane, the software was used for quantification of the intensity of the bands. The value for intensity of the VCAM band was expressed relative to that for the tubulin band.
Tissue oxidation, lipid peroxidation, and protein carbonyls. Following death of the mouse and clearance of blood, lungs were rapidly frozen by clamping with aluminum tongs precooled in liquid N2 and stored in liquid N2. For assay, an aliquot of frozen lung was homogenized under N2 in PBS containing 0.01% butylated hydroxytoluene. TBARS were assayed in the lung homogenate by reaction with thiobarbituric acid in trichloroacetic acid, and absorbance was measured at 535 nm (14, 24) . 8-Isoprostanes were measured by immunoassay using an 8-isoprostane kit (Cayman, Ann Harbor, MI) (24) . TBARS and 8-isoprostanes were normalized to lung homogenate protein.
For analysis of protein carbonyls, an aliquot of frozen lung tissue was homogenized under N2 in buffer containing protease inhibitor cocktail (Boehringer Mannheim, Indianapolis, IN) and centrifuged at 10,000 g for 15 min. The supernatant was reacted with dinitrophenylhydrazine (DNPH). The DNPH derivative of the oxidized protein was separated from unbound DNPH by Sephadex G-25 column chromatography, and absorbance was measured at 360 nm (2, 24) . Protein carbonyl content was calculated using an extinction coefficient of 21 cm Ϫ1 ·mM Ϫ1 and normalized to lung homogenate protein. Permeability to FITC-dextran. Permeability of lungs was determined by retention of FITC-dextran in the lung tissue indicating extravasation from the vascular space. FITC-dextran (70 or 2,000) was prepared at 1 mg/ml, and 0.1 ml was administered IV at 22 h post-LPS. Mice were killed 2 h later, the lung was cleared of blood by perfusion via the pulmonary artery, and the lungs and heart were removed en bloc, carefully washed, and weighed. Samples on ice were finely cut with scissors and homogenized in a 15-ml centrifuge tube containing 5 ml RPMI1640 without phenol, maintaining volume levels above the hole of the homogenizer to minimize foaming, and then centrifuged at 15,000 g for 30 min. The OD of the supernatant was measured at 494 nm. A standard curve for absorbance vs. FITC-dextran 70 concentration was constructed for each experiment. The pellet was assayed for protein, and microgram of FITC per milligram of protein was calculated.
Lung wet/dry weight ratio. After termination of the experiment, the lungs were removed from the thorax en bloc, and the heart was trimmed away. The lungs were weighed (wet weight) and placed in an oven at 65°C for 7 days and then weighed again to determine dry weight. The ratio of the two weight measurements was calculated.
NF-B bound to lung DNA. The lung homogenate was prepared as described above for FITC-dextran, and 20 g was used per assay. We followed the instructions for the Trans AM-NF-B p65 ELISA-based kit to detect and quantify the content of the p65 subunit of NF-B. This kit has 96-well plates to which an oligonucleotide containing the NF-B consensus site has been immobilized and which specifically binds the active form of NF-B. The primary antibodies used to detect NF-B recognize an epitope of p65 that is accessible only when NF-B is bound to its target DNA (www.activemotif.com/catalog/ 180/transam-transcription-factor-elisas).
Statistical analysis. All measured values are presented as the means Ϯ SE for each group. Group differences were evaluated by one-way ANOVA followed by a post hoc t-test with Bonferroni correction. Statistical significance was set at 95% (P Ͻ 0.05).
RESULTS
Selection of a control group. As described in our previous report (22) , MJ33 is a lipid-soluble agent (critical micelle concentration ϳ10 M) that was administered as a component of unilamellar liposomes formulated to mimic the lipid composition of lung surfactant. Lipid formulations of this composition (without MJ33) have been administered to a variety of animals for many years without adverse effects, and indeed they are used therapeutically in human babies for surfactant deficiency (16) . For essentially all parameters studied, we have evaluated the effects of both saline alone and liposomes in saline as control adjuvants and found no differences. Because the agent (MJ33) was administered in liposomes (at 1 mol %), we have selected liposomes suspended in saline (without MJ33) as the most appropriate control for reporting in this manuscript.
The effect of MJ33 on NOX2-mediated ROS production in the intact lung after LPS treatment. The potential utility of MJ33 as an agent to prevent ROS generation following LPS was evaluated in the isolated perfused lung model. LPS (1 mg/kg body wt) was instilled IT in anesthetized mice. MJ33 (1 mol % in unilamellar liposomes) was instilled immediately after the LPS. After 24 h, the lungs were removed from the chest for lung perfusion with medium containing Amplex Red plus HRP. Amplex Red detects H 2 O 2 that is extracellular because this fluorophore does not permeate cell membranes. The control condition was isolated lungs from WT mice that were treated with liposomes in the absence of MJ33. Control lungs (WT) showed very low rates of ROS production (Fig. 1A) . The lungs from mice that were administered LPS showed a 4.8-fold increase in the rate of ROS production (LPS, WT) that was largely abolished by pretreatment with MJ33 (LPS, WT ϩ MJ33) (Fig.  1A) . ROS production by LPS-treated NOX2-null and Prdx6-null lungs was minimal with levels similar to WT lungs treated with MJ33; the slight differences among these three models (WT ϩ MJ33, NOX2-null, Prdx6-null) were not statistically significant (P Ͼ 0.05). These results indicate that the major fraction of ROS production at 24 h after LPS is NOX2 dependent and is inhibited by pretreatment with MJ33. Approximately 10% of ROS production appears to be NOX2 independent in this model of lung injury and could arise from other NOX enzymes, mitochondrial reactions, or other pathways. Thus MJ33 is an effective inhibitor of LPS-induced ROS production in this isolated lung perfusion model.
Although the isolated perfused lung experiments with Amplex Red determined global ROS production after LPS, the cells responsible were not identified. We were especially interested in an epithelial vs. endothelial site for ROS generation because this could determine whether IT or IV might be the better route for delivery of the inhibitor. To identify which cell types are activated by LPS to produce ROS, we used a confocal microscopic technique to independently image capillary endothelial and type II epithelial cells in the intact lung. Oxidation of H 2 DCF to the fluorescent dichloroflorescein (DCF) was used as an index of ROS production. Unlike Amplex Red, H 2 DCF (administered as the diacetate) does permeate the lung cells so that this fluorophore indicates intracellular H 2 O 2 or possibly some other oxidant. Endothelial cells were identified by uptake of Alexa-tagged AcLDL that was administered in the lung perfusate; lung epithelial type II cells were identified by uptake of Nile Red administered into the trachea (25) . In control lungs, AcLDL and Nile Red showed distinct distribution patterns, as expected, confirming cell specificity of the labels (Fig. 1, B and C) . With addition of H 2 O 2 to the perfusate, both of these cell types showed increased DCF, indicating diffusion of H 2 O 2 from the vascular space to both endothelium and epithelium (data not shown).
Both pulmonary microvascular endothelium (Fig. 1B) and alveolar type II cells (Fig. 1C) that were imaged at 24 h following IT LPS showed a marked increase in DCF fluorescence compared with control. ROS production was quantitated by measuring the intensity of green fluorescence in those areas with red fluorescence in endothelial or epithelial cells (Fig.  1D ). This result suggests that both cell types (endothelial and type 2 epithelial) are activated to generate ROS after treatment with LPS, and the presence of NOX2 has been demonstrated in both cell types (18, 29, 41, 48) . However, it also is possible that only one of the cell types was responsible for generating H 2 O 2 that then diffused to the other type of cells. Fluorescence of both cell types was markedly reduced in the presence of MJ33, indicating that this treatment effectively inhibited LPS-induced ROS production (Fig. 1, B-D) .
The effect of MJ33 on LPS-induced lung inflammation. Lung inflammation following LPS insult is characterized by influx of leukocytes, primarily PMN (3, 20) . We evaluated the effectiveness of MJ33 in modulating LPS-induced lung inflammation by measuring total nucleated cells in the BALf and MPO activity in the BALf cell pellet at 24 h post-LPS instillation. The total number of nucleated cells in the BALf was 0.39 Ϯ 0.06 ϫ 10 4 cells/g body wt in the control group. The total number of cells obtained in the BALf (Fig. 2A) and the MPO activity of the pelleted cells (Fig. 2B) were significantly increased after an IT instillation of LPS at 1 mg/kg (LPS-1), indicating an inflammatory response. The cellular influx was significantly greater with administration of LPS at 5 mg/kg (LPS-5) (Fig. 2, A and B) . The increased MPO activity in the cell pellet (expressed per gram of body weight) reflects its PMN content (38) . This influx of cells as reflected by cell count or MPO assay was dramatically reduced by administration of MJ33 concurrently with LPS. Importantly, MJ33 was equally effective when given 2 h post-LPS. Thus MJ33 can prevent lung inflammation associated with the administration of LPS.
The effect of MJ33 on release of cytokines/chemokines and VCAM expression following LPS. We measured cytokines (IL-6, TNF-␣) and a chemokine (MIP-2) in the BALf at 24 h after administration of LPS. Neither IL-6 nor TNF-␣ was detected under control conditions (Fig. 3, A and B) . Levels of these cytokines increased slightly with LPS-1 and to a much greater degree with LPS-5. Treatment with MJ33 either concurrently or 2 h post-LPS resulted in a dramatic decline in the levels of both cytokines although their content in BALf remained slightly above control. The response to MJ33 for MIP-2 was similar to the cytokine response.
The expression of VCAM was studied at 24 h after administration of LPS (1 mg/kg) by Western blot analysis of lung homogenate. Several bands are visible on the gels with the most prominent at ϳ110 kDa (Fig. 4A) . This latter band corresponds to the VCAM molecular weight according to the specifications provided by the supplier of the antibody (www.scbt.com/table-vcam.html). LPS resulted in almost fourfold increase in VCAM expression that was decreased signif- icantly, although not quite back to control levels, in the lungs of mice treated with MJ33 (Fig. 4B) .
The effect of MJ33 on transcription factor activation following LPS.
The activation of NF-B in the lung homogenate (as determined by assay of the p65 subunit that is bound to DNA) was measured at 4 h after administration of LPS (1 mg/kg). The content of DNA-bound NF-B in the lung homogenate increased markedly after LPS and was inhibited by 65% in mice treated with MJ33 (Fig. 5) .
The effect of MJ33 on oxidation of lung lipid and protein following LPS. Oxidative stress to the lung tissue was evaluated at 24 h after LPS by measurement of TBARS and 8-isoprostanes for lipid peroxidation and protein carbonyls for protein oxidation. TBARS increased by 3.1-or 5.3-fold following LPS-1 or LPS-5, respectively (Fig. 6A) . A similar pattern was seen with 8-isoprostanes; there was an increase with LPS-1 and a greater increase with LPS-5 (Fig. 6B) . Both indices of lipid peroxidation returned to nearly control levels with MJ33 given either concurrently or 2 h post-LPS (Fig. 6, A  and B) . Likewise, protein carbonyls in lung homogenates showed ϳ2.1-or 3.1-fold increase following LPS-1 or LPS-5, and the increase was nearly abolished by MJ33, administered either concurrently or 2 h post-LPS (Fig. 6C) . Thus oxidation of lung tissue components was observed at 24 h after LPS administration and was largely prevented by MJ33.
The effect of MJ33 on lung permeability following LPS. LPS is known to increase the alveolar capillary permeability in the mouse lung as a manifestation of the inflammatory response. We evaluated alveolar epithelial and capillary permeability at 24 h after LPS by measuring the "leakage" of protein into the alveolar space (BALf), extravasation of FITC dextran into the lung tissue, and the lung wet-to-dry weight ratio. BALf protein increased 2.3-fold vs. control with the low dose LPS and 5.1-fold with the higher dose (Fig. 7A) . Protein in the BALf was dramatically reduced to values not significantly different from control by administration of MJ33 concurrently with or 2 h post-LPS. Increased protein in the BALf reflects increased permeability to endogenous proteins, predominantly serum albumin.
An increase of FITC-dextran in the lung homogenate represents increased permeability of the pulmonary vasculature to an exogenous macromolecule. We used FITC-dextran of two different sizes with molecular masses of 2,000 kDa and 70 kDa in these permeability studies. No extravasation of FITC-dextran 2000 was observed under control conditions or after LPS, consistent with its large size (Stokes radius 27 nm). FITCdextran 70 (Stokes radius 6 nm) was recovered at a low level in the lung homogenate under control conditions (Fig. 7B ) but was significantly elevated by 1.7-fold after LPS-1 and 4.3-fold after LPS-5. The effect of LPS on permeability to FITCdextran 70 was reversed (to a level not significantly different from control values) by treatment with MJ33 administered concurrently or at 2 h post-LPS. Alveolar permeability also was evaluated by measuring the ratio of lung wet weight to lung dry weight. Similar to the other indices of permeability, there was a significant increase in the ratio, indicating fluid accumulation in the lung after LPS although, unlike the other indices, the increase was similar for the 1 and 5 mg/kg doses of LPS (Fig. 7C) . Treatment with MJ33 reversed the LPS-induced increase in the wet-to-dry weight ratio.
DISCUSSION
LPS instilled into the lung provides a model for ALI associated with inflammation. Inflammation of the lung is characterized by the migration of neutrophils from the endothelial surface through the endothelial and epithelial layers to the epithelial surface in response to secreted chemoattractants (11, 46) . These migratory cells as well as some of the constitutive lung cells, including the resident macrophages, are stimulated by the presence of LPS to generate ROS (17, 37) . It is the cellular ROS generation that appears to be largely responsible for the subsequent lung injury. The specific metabolic pathway responsible for producing ROS following LPS appears to vary with the cell type in both lung and non-lung cells. Pathways include a mitochondrial origin in mouse embryonic fibroblasts (4), NOX type 1 in macrophages (26) , and NOX type 4 in HEK293 cells (33) . NOX2 has been identified as the enzymatic source of ROS following LPS in whole lung extracts (37), PMN (10, 12, 17) , renal mesangial cells (23) , microglia (9), RAW 264.7 cells (36), and alveolar macrophages (37) . More than one pathway may be involved in ROS generation after LPS in some cell types. The increased generation of ROS by NOX1 and NOX4 was dependent on induction of the protein (26, 33) , whereas generation of ROS by NOX2 primarily reflects activation of the enzyme.
In the present study, we evaluated ROS production by the isolated mouse lung following intratracheal LPS. We confirmed by using NOX2-null lungs that this enzyme was responsible for ϳ90% of LPS-stimulated ROS production as measured by Amplex Red oxidation in the lung perfusate. Using imaging techniques, increased ROS production after LPS was demonstrated in both lung alveolar epithelial and endothelial cells. Minimal ROS production was seen in the Prdx6-null and MJ33-treated lungs consistent with our previous observations that the PLA 2 activity of Prdx6 is required for NOX2 activation in PMN and lung cells (6, 22) . Although MJ33 can inhibit other PLA 2 s, this activity associated with Prdx6 is the only significant target of the inhibitor in the lung (22) . The activation of NOX2 to generate ROS is relatively rapid when cells are treated with specific agonists such as angiotensin II for endothelial cells or formyl Met-Leu-Phe for PMN. However, ROS production was not detected in the lung or isolated endothelial cells for several hours after LPS administration (data not shown). This delayed response is compatible with the requirement to mobilize the inflammatory response to detect a significant increase in lung ROS production.
MJ33 when given to mice at the relatively low dose of 0.2 mol/kg body wt (0.1 mg/kg body wt) resulted in a marked inhibition of the effects of LPS when assayed at 24 h. MJ33 resulted in decreased cellular infiltration, decreased cytokine/ chemokine release, decreased VCAM expression, decreased NF-B activation, decreased oxidation of tissue lipid and protein, and maintenance of normal alveolar-capillary permeability. Protection by MJ33 against LPS-mediated lung injury presumably reflects the ability of this agent to inhibit the PLA 2 activity of Prdx6 and prevent NOX2 activation. Interestingly, Prdx6 also can function as a ROS scavenger through its peroxidase activity; thus the absence of Prdx6 results in increased ROS-mediated cellular injury in models where oxidants are delivered exogenously or where endogenous oxidants are generated through non-NOX2 sources (42) (43) (44) . The peroxidase activity of Prdx6 is not inhibited by MJ33 (13, 27) .
On the basis of the proposed paradigm for ALI, ROS generation subsequent to LPS administration is due in part to the activation of PMN that accumulate in the lung (17, 37) . An important question concerns the mechanism through which MJ33 inhibits the accumulation of lung inflammatory cells after LPS. One possibility is that the LPS-mediated activation of NOX2 in endothelium and possibly other cells is responsible for PMN recruitment to the lung and that this pathway is inhibited by MJ33. Expression of the cell adhesion molecule VCAM-1 has been shown in various cell types to be dependent at least in part on ROS generated by NOX2 (23, 32, 39) . VCAM-1 mediates recruitment and anchoring of PMN and other phagocytic cells (31) . Thus inhibition of the ROSmediated induction of VCAM expression by MJ33 as seen in the present study could (Fig. 4) explain the lack of an increase in lung-associated inflammatory cells following LPS.
There have been many disappointments in the search for therapeutic strategies to prevent ALI associated with inflammation. In some circumstances, apparently promising molecular targets or pharmacological agents have not fulfilled their promise. For example, drotrecogin-␣, a recombinant human activated protein C and the only drug ever approved by the FDA for the treatment of sepsis, was withdrawn from the market due to its lack of efficacy (35, 45) . The lack of a specific therapy for treatment of sepsis results in a continuing high mortality rate, much of it associated with ALI (1). The generation of ROS via NOX2 as a manifestation of lung inflammation is recognized as an important target for therapy, but appropriate inhibitors have not been available for clinical use (19) . There are several inhibitors of this pathway that are effective in vitro but are not suitable for translational application (8) . Examples are diphenyleneiodonium (DPI), a nonspecific inhibitor that is toxic to cells in vitro (34) , and apocynin, an inhibitor that appears to be more specific than DPI but has an ill-defined mechanism for its effect and is toxic to the central nervous system when administered systemically (40) .
The present study suggests that MJ33 may uniquely fulfill the role of a specific therapy for ameliorating ALI associated with oxidant stress. Importantly, MJ33 was equally effective when administered concurrently with or at 2 h after treatment with LPS, indicating the potential for postinsult treatment to prevent the development of ALI. We have not yet evaluated the effect of MJ33 on the course of established lung injury. On the basis of the present findings, we speculate that MJ33 could be useful in the prevention of ALI in those conditions where NOX 2-generated ROS play an important pathophysiological role. Those conditions might include lung inflammation associated with pneumonia or sepsis and I/R injury associated with pulmonary embolism or lung transplantation. Although the agent (MJ33) appears to be relatively nontoxic for acute use (22) , its chronic use requires more study based on the possibility of inducing chronic granulomatous disease as seen with the genetic deficiency of NOX2.
In conclusion, MJ33 dramatically reduced several critical parameters associated with oxidative lung injury following LPS administration to mice. Inhibiting the PLA 2 activity of Prdx6 with MJ33 limited ROS production, the influx of inflammatory cells, cytokine/chemokine release, the increased VCAM expression and NF-B activation, and the tissue injury that accompanies LPS-mediated lung inflammation. We have shown previously a large (Ͼ10 3 -fold) margin of safety between the effective inhibitory and the toxic concentrations of MJ33 (22) . Thus MJ33 represents a potentially useful agent to protect against acute inflammatory lung injury.
